Abstract. A theoretical investigation of the influence of a nonuniform doping concentration to the temperature response curve of diode temperature sensors is presented, which is the first effort in this field important for diffused diodes used as the temperature sensors. The currentvoltage characteristic, from which the temperature response curve can be obtained, has been calculated using the model of a one-dimensional exponentially graded pn junction with uniformly doped base region and the diffusion current of the minority carriers through the pn junction. We show that depending on the doping gradient both contributions to the current coming from the electron and hole current components appear to be of the same order of magnitude. That is in contrast to the prediction of the widely used asymmetrical step junction model. It follows from numerical calculations that an effective shift of the temperature response curve due to nonuniformly doped emitter region in the temperature equivalent can reach the value of about 20 K. The limiting temperature T m in the temperature response curve that restricts its extent into the high temperature range has been analyzed depending on the excitation current, the doping concentration of the base, and the pn junction depth.
Introduction
The development of wide-range, high-precision and reproducible diode temperature sensors (DTSs) based on a pn junction, even using the most advanced in semiconductor engineering silicon technology, is not a simple scientific and technological problem. From the viewpoint of basic physics of the development of silicon devices with a pn junction, with well-predicted and reproducible characteristics, an optimal carrier transport mechanism in the diode structure is the diffusion current of the minority carriers [1] . In our previous studies, we have shown that the measured temperature range, the temperature response curve and sensitivity of such optimized DTSs are determined by a set of the electrophysical (impurity concentration, minority carrier lifetime and diffusion length, excitation current value of the sensor) and design (pn junction area, the base length of a diode) parameters of pn junction, interrelated by the self-consistent optimization method of the sensor [2, 3] . It is to be noted that DTSs are applied as precision temperature measuring devices, often operating in limiting regimes with measurement accuracy of the order of hundredth parts of degree. Realization of high measurement accuracy, as well as physical approximation of thermometric characteristics and improvement of interchangeability of DTSs, demand the most complete taking account of the role of main parameters of diode structures for theoretical description of the carrier transport through pn junction.
Current-voltage characteristics (CVCs) of real diodes used for the development of DTSs demonstrate the ideality factor value m > 1 [4] , which is indicative of considerable contribution to the electric transport not only due to the diffusion current but also currents of different origin (the generation-recombination current [57] , the tunneling current [810] , and others [7, 11] ). Silicon pn junctions with nearly ideal CVCs are mentioned in the literature as a technological achievement in the field of development of semiconductor devices with predicted and reproduc-SQO, 5(2), 2002 V.N. Sokolov et al.: Effect of nonuniform doping profile... ible characteristics [7] . The diffusion technology developed by us (a sequence of technological operations in combination with the established gettering and soft thermal treatment regimes) provides making the diodes with CVCs close to the ideal in a rather wide range of temperatures (130 ÷ 500 K) and currents (10 8 ÷ 10 4 A) [12] . Since in the diffused pn junctions there always exists a nonuniform doping profile (both in the emitter and base regions), it influences the pn junction parameters [13] and the minority carrier transport [14, 1] . The carrier transport peculiarities in nonuniformly doped structures with pn junction are used, for instance, in drift transistors [15, 1] and semiconductor solar sells [16] .
Until the present, the calculations of thermometric characteristics of DTSs for most widespread semiconductor materials (Ge, Si, GaAs) are based on the simplest model of a step pn junction [1719] . In this approach, the following important factors are ignored such as the occurrence of built-in (diffusion) electric field and distribution of the effective lifetime of nonequilibrium carriers in the emitter and base regions of the diode associated with nonuniform doping profile. Taking into account these factors in the theory results in a radical change of corresponding expression for the diode CVC in comparison with the ideal CVC [1] , which is essential for determination of the temperature response curve of DTSs. This paper presents a first theoretical analysis and corresponding calculations of the influence of nonuniform doping profile on the temperature response curve of DTS with predominant diffusion minority carrier transport. Taking into account the above mentioned factors essential for diffusion technology of manufacturing the thermodiode sensors, these theoretical calculations not only make more exact notions about nonequilibrium processes in the pn junction, but also allow to supplement a view of physical mechanisms responsible for the formation of the DTS characteristics.
Qualitative analysis
The temperature response curve (TRC) is one of the basic characteristics of DTS and determined by a temperature Ò dependence of the voltage drop U = U(T,I) across the diode at a given forward current I, and the sensitivity
The ÒRC of a sensor can be calculated theoretically resulting from the known expression for CVC ) ; , (
of the diode at a given temperature (coefficients À i stand for a set of electrophysical parameters determining the carrier transport).
To calculate CVC, definite model notions are required. The ideal CVC (1) is derived using the following assumptions [1] : 1) Approximation of depletion layer (DL) with abrupt boundaries with electroneutral regions of emitter and base having negligibly small resistance in comparison with that of the DL; 2) Boltzmann statistics for distrtributions of electrons and holes on the energy at full ionization of doping impurities; 3) Low level of injection; 4) Absence of the generation-recombination current in the DL. In so doing, it is highly essential that the DL approximation is constructed for a stepwise (one-dimensional) distribution of doping impurities. Then the CVC is described by the Shockly formula [1] 
where S is an effective area of the junction, j s = j sn + j sp the saturation current density, q absolute value of the electron charge, k B the Boltzmann constant. The ratio between the hole j sp and electron j sn components of the current (1) is [6, 20] 
where N D,A is the concentration of donors or acceptors, D n,p and τ n,p the diffusion coefficient and the lifetime for electrons (n) and holes (p), respectively, L n,p = (D n,p τ n,p ) 1/2 the characteristic diffusion lengths, d n,p the length of the n and pregions of the diode.
In the case of asymmetrical pn junction considered below for definitness of the model (Fig. 1) , the main contribution to the current (1) comes from the holes injected by pn junction and diffusing within the nbase of the diode towards the n + contact: j s ≈ j sp . The contribution of analogous component of the diffusion current of the electrons j sn will be small, since for an asymmetrical junction a strong inequality is fulfilled:
. As a result, the contribution of j sn in the expression for CVC (1), with a good accuracy, may not be taken into consideration. For instance, for the sensors [21] , in which diode n + p structures are used as a sensitive element, the ratio of the acceptor concentration (~2⋅10 17 cm 3 ) to the donor one (~10 20 cm 3 ) constitutes 0.2 %. The contribution of the diffusion current of electrons to the TRC of the sensor will be yet less considerable, since the TRC corresponding to the CVC (1) is changed on a logarithmic law with the change of the j s value:
For asymmetrical junctions that are applied in diffused silicon diode structures as the sensitive elements of DTSs, the gradient of impurity concentration in the heavily doped emitter region of the diode considerably exceeds that in the base. The magnitude of built-in (diffusion) electric field in the emitter E pr can reach the values compared with the electric field strength in the DL of ð n junction. The occurrence of the field which distribution is not restricted by an immediate vicinity of metallurgical boundary of the junction, as it takes place for a stepwise impurity profile, as well as high concentration of free (majority) carriers result in characteristic features SQO, 5(2), 2002 of structure of the space-charge region [22] . Indeed, since the Debye screening length in the emitter l Dp is rather small (l Dp << x 0 ), for its main part (≈ x 0 ) the quasineutrality condition is valid: ρ(x) = 0, E pr (x) = const, where ρ(x) is the charge density. Thus, rather extended region of approximately constant (built-in) field is an intermediate one between the DL of ðn junction and the surface DL at the p + contact, where outlet is provided for the electrostatic potential to a constant value.
Taking account of the nonuniform doping profile in an adequate model of the junction results in not only characteristic features in distributions of the charge, potential, and electric field but also affects substantially the electric transport. The boundary conditions on the concentration of minority carriers used for specific calculation of CVC are modified; the occurrence of the field E pr results in the need to take into account the drift component of the minority carrier current, characteristic lifetime of which in the region with nonuniform distribution of impurities is position dependent. Besides, since the impurity concentration at the edge of DL of ðn junction on the emitter side is considerably less than that at the contact, there arises an effective symmetrization (a loss of strong asymmetry) of the junction, and there increases the efficiency of injection of the minority carriers into the emitter region. In the case, both components of the minority-carrier current (electrons and holes) become comparable in its magnitude. The dependence of this boundary location relatively the impurity concentration profile on applied voltage U, as well as the set of all above mentioned factors, result in that saturation current density in corresponding formula for CVC becoming dependent on U. Below, an analytical calculation of TRC of diode temperature sensor is adduced on the basis of model of exponential doping profile in pn junction using the assumptions 1) 4), which, in its results, differs on principle from the model with stepwise distribution of impurities.
Basic equations
To calculate CVC of the diode in the accepted approximation, it is necessary to compute the diffusion current density of minority carriers at the boundaries of DL of the ðn junction with quasi-neutral regions of the diode. In turn, it is necessary for that to find distributions of minority carriers injected by the ðn junction in the emitter and base. Such a problem corresponds to solving a system of the second-order differential equations continuity equations for the concentration of electrons n and holes ð and Poissons equation for the potential ϕ of electric field E = ϕ −∇ :
where G n.,p and R n,.p are the carrier generation and recombination rate functions. The system (4) (6) is supplemented by boundary conditions at the edges of DL and contacts as well as by expressions for the electron and hole components of the current density
µ n,p is the electron and hole mobility. For n and pregion of the diode outside the DL, we use instead of (6) the equation of quasineutrality
n 0 and p 0 are equilibrium values of the concentrations n and p. The validity criterion for (8) is smallness of the Debye screening lengths l Dn and l Dp in those regions in comparison with other characteristic lengths of the problem (characteristic length scale of impurity distribution, diffusion length of electrons L n and holes L p ). Further for equations (4) (6) the conditions are ac-
,onedimensionality (dependence of the variables on coordinate x), as well as the absence of generation (G n = G p = 0) and equality of the electron and hole lifetimes in each of quasi-neutral regions (R n = R p ). Instead of equations (4), (5), it is convenient to use their combination formed as follows. Subtracting from equation (5) equation (4), we obtain dj/dx = 0. From here it follows that the current density j must be constant
Substituting the expressions for j n and j p from (7) into (9), we find the electric field distribution
Multiplying (4) with pµ p and (5) with nµ n and adding both equations, we obtain an equation typical for bipolar drift-diffusion minority-carrier transport
being the bipolar diffusion coefficient and drift mobility, respectively. Here we have used the Einstein relation µ n,p = qD n,p /k B T. Solving equations (11), (8) together with (10), (12) , one can find distribution of concentrations of the minority carriers holes in the nregion (τ = τ p ) and electrons in the ðregion (τ = τ n ). A peculiarity of this equation distinguishing it from equations (4) and (5) is the absence of term with gradient of the electric field, which simplifies its structure. Specific form of distribution of concentrations n(x) and p(x) depends on the nonuniform doping profile, as well as on the respective boundary conditions. For a stepwise (quasi-uniform) impurity distribution, (11) reduces into the standard equation for bipolar diffusion in a homogeneous sample [1] .
Distribution of the minority carriers in quasineutral regions of the diode

A. Model of impurity distribution
Let us consider the heavily doped p+region (Fig. 1) . The nonuniform distribution of main impurities (acceptors) is approximated by an exponential function (13) allows one to carry out calculations of characteristics of semiconductor devices based on pn junction in an analytical form, which is convenient for a further analysis and optimization [15, 2224] .
Solving the nonlinear differential equation (11) in general case of an arbitrary impurity profile is possible only with the aid of numerical methods, which highly complicates an analysis of the considered situation. For the model of exponentially graded ðn junction, the coefficients at derivatives in (11) are reduced to constants and the general solution is succeeded to write in an analytical form. For an asymmetrical junction (N Am >>N D ) and for low level of injection from (12) it follows D ≈ D n , µ ≈ µ n . In the graded region the mobility and diffusivity may be position dependent, since the carrier mean free path changes with the change of impurity concentration if the carrier scattering on impurities contributes remarkably to transport coefficients. Here, such a dependence is assumed to be nonessential for TRC in the form of (3). Correspondingly, the magnitude of D n and µ n is taken to be constant. Besides, in (10) one may neglect the field component associated with ohmic voltage drop across this region (Introduction, item 1) as well as to consider that the electric field distribution is mainly formed by gradient of the majority carriers (Introduction, item 3). Therefore, one may write approximately for the field E=E pr , where
The corresponding criterion is determined by the set of inequalities
where I 0 = SqD p N D x 0 /λ 2 is a characteristic current, and the length L is a scale of nonuniform distribution of the nonequlibrium electrons. The left-hand side of these inequalities represent relative contribution into the field (10), respectively, of the diffusion field arising due to nonuniform distribution of electron concentration and ohmic voltage drop across the considered region with the resistance R = λ/[qµ p p 0 (x p )S], where for a forward bias diode one may take p 0 (x p ) ≅ N D . As a result, equation (11) for the minority carrier concentration (electrons) in the quasi-neutral p + region takes the form
where
B. Recombination model
The coordinate dependence of the lifetime of nonequilibrium holes is taken into consideration using the Shockley-Read-Hall recombination model through local centers. It is assumed that the centers are filled with holes and injection of electrons is accompanied by their capture into these centers and recombination. Due to a high concentration of holes in the emitter region and low level of injection such capture should not influence considerably the degree of center filling. In this case, one may take that the coordinate dependence of the lifetime τ n (x) follows the spatial distribution of recombination centers N R (x). For the latter we suppose that it corresponds to distribution (13) of the major impurity concentration
i.å., it has the same scale λ. At that the bulk lifetime of nonequilibrium electrons for the p + region is described by the dependence
where τ n0 ≡ τ n (0). The minimum lifetime τ nm ≡ τ n (x 0 ) = = 1/(γ n N Rm ) corresponds to the maximum concentration of recombination centers N Rm in the p + region; where γ n is the electron capture coefficient.
C. Boundary conditions
The boundary conditions to equation (15) are set at the boundaries of the considered region with the p + contact at , i.e., the electron current density on this boundary is determined by the density of surface recombination flow characterized by the velocity s. With the expression for j n (7) taken into account, we have the boundary condition in the form
In the limiting cases corresponding to the infinite and zero surface recombination velocity, the following relations should be valid at this boundary:
The boundary condition at x = x p formally has the same form as for a stepwise impurity distribution [1]
where U is the voltage drop directly on the DL of pn junction.
D. Solution of equation for minority carrier concentration
Instead of unknown function ∆n(x), let us consider a new function y(z), being determined by parametrical dependences
Equation ( 
where I 1 (z) and K 1 (z) are modified Bessel functions of the first and second orders (McDonalds function of the order of ν=1), respectively; Ñ 1,2 are the integration constants.
The nonequilibrium electron distribution in the region with the ohmic p + contact (s = ∞) is obtained by utilizing the boundary conditions (19à) and (20) . Using the boundary conditions, we find the integration constants
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Here, we have introduced a function
the parameters z 0 ≡ z(x 0 ) and z p ≡ z(x p ) in the argument of the Bessel functions are given by expressions: z 0,p = 2λ/L n (x 0,p ). Substituting the constants Ñ 1,2 from (24) into the general solution (23), we find distribution of the excess electron concentration in the pregion of the diode
Similarly, one may obtain distribution of the concentration ∆n(x) for s = 0, as well as in the general case of an arbitrary magnitude of the surface velocity. For that, it is necessary to use the boundary conditions (19b), or of the general form (18) . Distribution of the nonequilibrium hole concentration in the base is determined by an equation analogous to (11) , in which, however, the drift term will be less in the ratio λ r = λ A /λ D (λ r << 1). A specific magnitude of λ r depends on characteristic scales of acceptor distribution in the emitter λ A and donor distribution in the base λ D . Below we take the minority carrier distribution (holes) in the base to have a standard form [1] inherent to the diffusion carrier transport at uniform doping.
Current-voltage characteristic
The current density through the diode, in accordance with assumptions of the model accepted (Introduction, items 1 and 4) is determined by a sum of its electron j n and hole j p components calculated at the boundaries of the DL of p n junction [1] : j = j n (x p ) + j p (x n ) where n x x p n p dx dp qD
Formulae (26), (27) allow to compute CVC of the diode with nonuniform doping profile. By using expression (14) for the electric field in the quasineutral pregion and the Einstein relationship for the connection of the mobility µ n with the diffusion coefficient D n , we rewrite (27) as
Using (25) and recurrence relationships for the Bessel functions [25] , relating the derivatives of the functions I 1 (z) and K 1 (z) with the functions I 0,1 (z) and K 0,1 (z), we find expression for the electron current density
in which a function F(z 0 , z p ) is defined by
Thus, the current-voltage dependence for p + n structure with nonuniform doping profile in the emitter region of the diode, on the basis of formulae (26) and (29), has the form
where j s (T,U) = j sn (T,U) + j sp (T) is the saturation current density. The expression for j sp (T), corresponding to the diffusion of holes in the base, has the same form as for a stepwise impurity distribution model:
The electron component j sn (T,U), corresponding to the diffusion and drift of electrons in the emitter region of the diode, depends on voltage U:
Such a dependence is determined by that the concentration N A and the lifetime τ n are local quantities distributed in the emitter, and it is realized in (33) via the dependence on voltage of the DL boundary x p =x p (U), as well as due to the drift of electrons in the electric field (14) .
For not very large magnitudes of voltage U (corresponding to low injection level, however, such that exp(qU/k B T)>>1) CVC (31) is characterized for forward branch by a generalized ideality factor m=(
and for reverse branch j ≈ j s (T,U). Here, a distinction of m from unity is caused by the dependence of the preexponential factor j s (T,U) on U in the formula (31) that arises for a nonuniform impurity distribution and is absent for the model of a stepwise impurity distribution in the diode. Now let us consider how the formula (33) for the electron component of the saturation current density is modi-fied, if the minority carrier lifetime in the emitter τ n does not depend on the coordinate x. In this case (15) converts into equation with constant coefficients, solution of which is written by the standard method. Spatial distribution of minority carriers in the emitter will have the form (25) with the change ∆(z) → ∆(x) è ∆(z p ) → ∆(x p ) where
In (33) one has to make the respective change:
The characteristic length L of nonuniform distribution of the minority carriers in the emitter region is determined by a compressed diffusion length (due to the field E pr ) for which, in view of (25), one can write approxi-
. In particular, in the limiting case L n /λ << 1, the influence of electric field E pr on the minority carrier transport can be neglected. Hence, we have k 0 = 1, L ch = L n , and the function F(x 0 , x p ) = = th[(x 0 x p )/L n ]. Therefore, the saturation current density (33) will have the form, analogous to the formula (32) for stepwise impurity distribution. In the opposite limiting case L n /λ >> 1, we obtain, respectively k 0 = L n /(2λ), L ch = λ, and the function F(x 0 , x p ) = 2λ/{L n [cth(x 0 x p )/2λ1]}. For the saturation current density (33), we obtain the expression
Temperature response curve
As seen from CVC (31), the expression for TRC of sensor based on the diode with nonuniform doping profile cannot be written an explicit form, in contrast to the model of stepwise impurity distribution (3). The dependence U = U(T,I) for a given current value I can be obtained by numerical solution of equation (31) or equivalent equation analogous to (3) in which the saturation current is determined by formulae (32) and (33), with the parameters x n (U) and x p (U) being solutions of transcendental equation system (Ï5) given in Appendix. An analysis of the ratio expression between electron (33) and hole (32) current components
allows to make the following conclusion concerning the influence of impurity doping profile to CVC and TRC of the diode temperature sensor:
1. Impurity distribution with a finite length scale λ results in effective symmetrization of pn junction, since it appears that (N D /N Am ) << [N D /N A (x p )] < 1. By that reason, electron component of the drift-diffusion current in the emitter can reach values compared with hole component of the diffusion current in the base.
2. CVC of the diode with nonuniform doping profile shifts towards an increasing current density (for a given value of voltage) in comparison with CVC of a step pn junction.
3. TRC of the diode sensor shifts towards less voltage magnitudes, and its extent to the range of high temperatures decreases, respectively the sensitivity increases. An analogous shift of TRC takes place in the case of decreasing asymmetry degree for a stepwise pn junction with the change of doping level [2, 3] .
4. The dependence of CVC and TRC on the emitter region length, arising under conditions of nonuniform doping, is determined by a concurrence between the following factors: diffusion spreading of the minority carriers; influence of the built-in electric field on the minority carrier transport; surface recombination.
The built-in electric field in the emitter region of n + p structure has the direction opposite to the direction of the minority carrier diffusion flow, and for p + n structure that coinciding with it. Therefore, independently on the structure type, this field counteracts the diffusion spreading of carriers, the stronger the larger gradient of doping concentration is appeared. Surface recombination at the contact promotes the increase of corresponding component of the diffusion current due to the decrease of the effective lifetime of nonequilibrium carriers.
The relationship (35) can be simplified taking the lifetime of nonequilibrium electrons in the pregion at N D =N A equal to the lifetime of nonequilibrium holes in the base. Then (35) takes the form for p + n structure
For n + p structure the formula (36) takes the form
Comparing expressions (32) and (33), as well as (36) and (37), we deduce a conclusion that maximum value of the ratio of the minority carrier current (31) component in the emitter region, that is appreciable because of nonuniform doping profile, to that in the base is reached for 
Moreover, it should be taken into account that the expressions for the saturation current components j s (T,U) are determined by the formulae (32) and (33). Below we present the results of calculations of the temperature T m for the silicon p + n diode with making use of the following numerical values for the diode structure parameters: N Am = 10 20 cm 3 , d n = 10 µm, S = 410 µm 2 , τ n (0) = τ p = = 5⋅10 9 s. Formulae for calculation of the kinetic coefficients D n,p and µ n,p were given in [2, 3] . The results of calculations are presented in Figs 2 4. The excitation current value is varied within the range I = 10 7 ÷10 4 A, the pregion length x 0 = d p = 0.2÷10 µm, the donor concentration in the base N D = 10 17 ÷ 10 18 cm 3 .
The dependence of temperature T m on current I obtained by numerical calculations using the formula (38) is presented in Fig. 2 by the solid curve. For a comparison, there is also given analogous dependence for stepwise junction calculated by the formula (3). In Fig. 2, b , we show the dependence of ratio between the electron and hole components of the current I through the pn junction on T m . It is seen that for the considered values of temperature and excitation current of the sensor, the overall current in the p + n structure is determined by the electron and hole components of the minority carrier current comparable in their magnitudes. As a result, the calculated values of T m for uniform and exponential impurity distribution in the emitter can distinguish by the value of ∆T m ≈ 20 K. In particular, for the current I = 1 µA we obtain ∆T m =16.3 K. Fig. 3 shows dependences of temperature T m on the pn junction depth x 0 calculated for the p + n structure with donor concentration in the base N D = 10 18 cm 3 and at the sensor excitation current I = 1 µA. The dashed line corresponds to stepwise impurity distribution, while the solid curve to the exponential model. It is seen from the calculations that the model of stepwise impurity distribution for asymmetrical pn junction leads to the temperature T m independent on the pn junction depth. This is explained by that the minority carrier current component in the emitter region, which, in fact, results in such a dependence on x 0 , is negligible for asymmetrical junction in comparison with the current flowing through pn junction. In contrast, in the case of nonuniform impurity distribution in the emitter the temperature T m essentially depends on the emitter region length, with a clear maximum being observed in this dependence. Remember that the parameter x 0 determines the characteristic length scale of impurity distribution (13), the diffusion electric field (14) and, consequently, its magnitude considerably affects the minority carrier transport in this region of the diode. A nonmonotonic behavior of the dependence of T m on x 0 (solid curve) is due to a concurrence between drift-diffusion and surface recombination flows of nonequilibrium carriers in the emitter region. The maximum value of temperature T m obtained from calculations is 625.9 Ê and it isrealized for x 0 =0.6 µm.
In Fig. 4 , we show dependences of temperature T m on donor concentration in the base of the p + n structure calculated for different values of the pn junction depth x 0 , and for the excitation current value I = 1 µA. As distinct from the model of stepwise impurity distribution, for which T m does not depend on x 0 (dashed curve), the calculations (solid curves) demonstrate considerable shift of temperature T m with changing the parameter x 0 all over the donor concentration range N D =10 17 ÷ 10 18 cm 3 . The results of calculations show that taking account of the nonuniform doping profile in the emitter region of diffused diodes considerably affects TRC of the temperature sensor. At that, such an influence results in not only large in temperature equivalent corrections to theoretical TRC described by the model of stepwise impurity distribution but also, that is especially important, changes qualitatively the behavior of TRC with the change of the diode structure parameters.
Conclusions
In the present paper, a detailed analysis has been carried out of the influence of nonuniform doping profile on the temperature response curve of diode temperature sensor with predominant diffusion carrier transport in silicon structures based on pn junction. For analytical calculations of CVC and TRC of the diode sensor, the exponentially graded junction model has been used which simplifies integration of Poissons equation in the heavily-doped emitter region of the diode (with uniform impurity distribution in the base), as well as the depletion layer approximation for the space-charge region of pn junction.
It has been shown that depending on the values of design parameters of the diode structure, both components of the current through pn junction, corresponding to the minority carrier transport in the emitter and base, can contribute equivalently to CVC and TRC of the diode sensor. That is, these can determine to the same extent their formation for a specific diode structure. As a result, TRC of the sensor with nonuniform impurity distribution is described by a more complicated temperature dependence of forward voltage at a given value of the current in comparison with that for stepwise impurity distribution model in pn junction.
A large value of temperature shift of TRC obtained from the calculations (about 20 K), resulting from nonuniform doping profile in the emitter region, points to significance of many-factor account of design-technological features of silicon diffused diode structures, widely used for manufacture of temperature sensors.
It is to be noted that there exist several variants of structures distinct on their design used successfully in sensory systems, including those in which the impurity distribution is certainly three-dimensional. The possibility of application of a one-dimensional pn junction model for calculations of TRC in that case is highly problematic, even with taking into account nonuniform impurity profile in both the emitter and base regions, since a one-dimensional model does not take explicitly into account peculiarities of the carrier transport in the whole structure (field and current density distributions). The calculations of TRC of the sensors based on such structures should be carried out by methods of numerical modeling. For instance, with the aid of numerical simulation of coupled drift-diffusion equations for minority carrier concentrations of electrons and holes as well as the Poisson equation for the electrostatic potential with a real impurity profile. Such calculations, however, are associated with considerable numerical dificulties.
Appendix
Calculation of space-charge region (6) with the boundary conditions corresponding to the field and potential continuity at the space-charge region boundaries. For that, we use the DL approximation, which assumes no free carriers within the DL and the total charge to be due to fully ionized impurities [1] . Bellow, all the quantities with dimensionality of length are normalized to the characteristic scale of impurity distribution λ and the electrostatic potential to the thermal voltage k B T/q.
As distinct from a stepwise (quasi-uniform) impurity distribution, in the considered case besides the main DL in the vicinity of metallurgical boundary of pn junction, there is an additional DL [22] at the boundary with uniform p + region of the emitter at x e ≤ x ≤ x 0 , with the extension of W e = x e x 0 (Fig. 1) . Setting the field E(x e ) = 0, and the potential ϕ(x e ) = U bi , we find for the considered DL the field distribution E(x) = E pr (x+x e )/W e , the potential ϕ(x) = U bi + [(x+x e ) 2 /(2W e )], as well as the potential difference ∆ϕ e ≡ ϕ(x e ) ϕ(x 0 ) = W e /2, where W e = λ Dp 2 [here the Debye screening length is determined by maximum value of the acceptor concentration in the emitter λ Dp = (ε 0 k B T/4πq 2 N Am ) 1/2 ].
The quasineutral part of the pregion (x 0 ≤ x ≤ x p ) has the extent L pr = x 0 x p . For it, characteristic features are linear dependence of the potential ϕ(x) = ϕ(x 0 ) + x + + x 0 and constant field E(x) = E pr . The electrostatic potential at the boundary of this part with the main DL of pn junction is determined by ϕ(x p ) = U bi + (W e /2) + L pr. .
The main DL of pn junction (x p < x < x n ) has the extent W = x n + x p . Taking the field and potential equal to zero in the base of the diode, we find distribution of the field 
The corresponding potential difference ∆ϕ pn = = ϕ(x p ) ϕ(x n ) = ϕ(x p ) for the main DL is equal to 
The built-in potential U bi is determined by the condition of the Fermi level constancy in the p + n structure U bi = ln(N Am N D /n i 2 ) [1] . The extent of the region of positive (x n ) and negative (x p ) charge can be obtained from the system of transcendental equations, which express the condition of field and potential continuity on the DL boundary at x= x p . Taking in accordance with the accepted model (see Introduction) the applied voltage to drop on the main DL of pn junction, we can write these equations as follows .
The solution of (Ï5) for U > 0 gives the dependence of the DL boundaries, x n (U) and x p (U), on the applied voltage U for a forward biased diode. For calculation of CVC of the diode and TRC of the temperature sensor, these dependences should be substituted into formulae (31)(33) and (35)(38), respectively.
